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The UC2x e carbon eutectic has been studied by laser heating and fast multi-wavelength pyrometry
under inert atmosphere.
The study has been carried out on three compositions, two of which close to the phase boundary of the
UC2x e C miscibility gap (with C/U atomic ratios 2 and 2.1), and one, more crucial, with a large excess of
carbon (C/U ¼ 2.82). The ﬁrst two compositions were synthesised by arc-melting. This synthesis method
could not be applied to the last composition, which was therefore completed directly by laser irradiation.
The U e C e O composition of the samples was checked by using a combustion method in an ELTRA®
analyser. The eutectic temperature, established to be 2737 K ± 20 K, was used as a radiance reference
together with the cubic e tetragonal (a/ b) solid state transition, ﬁxed at 2050 K ± 20 K. The normal
spectral emissivity of the carbon-richer compounds increases up to 0.7, whereas the value 0.53 was
established for pure hypostoichiometric uranium dicarbide at the limit of the eutectic region. This in-
crease is analysed in the light of the demixing of excess carbon, and used for the determination of the
liquidus temperature (3220 K ± 50 K for UC2.82). Due to fast solid state diffusion, also fostered by the
cubic e tetragonal transition, no obvious signs of a lamellar eutectic structure could be observed after
quenching to room temperature. The eutectic surface C/UC2x composition could be qualitatively, but
consistently, followed during the cooling process with the help of the recorded radiance spectra.
Whereas the external liquid surface is almost entirely constituted by uranium dicarbide, it gets rapidly
enriched in demixed carbon upon freezing. Demixed carbon seems to quickly migrate towards the inner
bulk during further cooling. At the a/ b transition, uranium dicarbide covers again the almost entire
external surface.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
If the higher ﬁssile density constitutes a big advantage of acti-
nide carbides as an alternative nuclear fuel to oxides, the un-
certainties mostly linked to metastability and uncontrollable
oxygen and nitrogen impurities still represent an obstacle to the
fabrication and employment of these materials [1]. Moreover, the
metallic thermal conductivity and high melting temperature ofanara).
B.V. This is an open access articleactinide carbides ensures a higher conductivity integral margin to
melting for these materials with respect to the traditional UO2,
UO2ePuO2 and ThO2 fuels.
This feature, together with the better compatibility with liquid
metal coolants of carbides compared to oxides, are further reasons
making of them good alternative candidates for high burnup and/or
high temperature nuclear fuel.
Uranium carbide was traditionally used as fuel kernel for the US
version of pebble bed reactors as opposed to the German version
based on uranium dioxide. For the Generation IV nuclear systems,
mixed uraniumeplutonium carbides (U, Pu) C constitute the pri-
mary option for the gas fast reactors (GFR) and UCO is the ﬁrstunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
D. Manara et al. / Journal of Nuclear Materials 466 (2015) 393e401394candidate for the very high temperature reactor (VHTR). In the
former case the fuel high actinide density and thermal conductivity
are exploited in view of high burnup performance. In the latter,
UCO is a good compromise between oxides and carbides both in
terms of thermal conductivity and ﬁssile density. However, in the
American VHTR design, the fuel is a 3:1 ratio of UO2:UC2 for one
essential reason, well explained by Olander [2] in a recent publi-
cation. During burnup, pure UO2 fuel tends to oxidize to UO2þx.
UO2þx reacts with the pyrocarbon coating layer according to the
equilibrium:
UO2þx þ xC/ UO2 þ xCO (1)
The production of CO constitutes an issue in the VHTR because
the carbon monoxide accumulates in the porosity of the buffer
layer. The CO pressure in this volume can attain large values and,
along with the released ﬁssion gas pressure, it can compromise the
integrity of the coating layers and contribute to the kernel migra-
tion in the fuel particle (“amoeba effect”). In the presence of UC2,
the following reaction occurs rather than reaction (1) in the
hyperstoichiometric oxide fuel:
2UO2þx þ xUC2/ (2 þ x) UO2 þ 2xC (2)
Because no CO is produced in reaction (2), this latter is more
desirable than (1) in view of the fuel integrity. The simultaneous
presence of UC2 and pure carbon in the fuel assembly, however,
creates the possibility of further reaction between the dicarbide
and pure carbon, conceivably resulting in the formation of a
eutectic in case of thermal excursion. The existence of metal
carbide-carbon eutectics in metal-carbon binary systems is well
known for decades. The UeC system, in particular, has been studied
both theoretically and experimentally [3e7]. However, the exis-
tence of a UC2xe C eutectic has been more postulated on the basis
of experimental information collected in the immediate vicinity of
the C/U ¼ 2.00 composition [1,8] and thermodynamic optimisation
of the binary phase diagram [5] than observed in compositions
more abundantly enriched in carbon.
A possible reason for such a lack of experimental information
can be sought in the phase demixing, hindering homogeneous
synthesis of carbides with a large excess of graphite with traditional
synthesis methods such as powder metallurgy or arc melting.
In the current work, uranium dicarbide with a large excess of
carbon (up to an atomic ratio C/U ¼ 2.8) was obtained by melting
uranium dicarbide in a graphite crucible in an induction furnace up
to 2800 K under an inert atmosphere. The thus obtained carbi-
deecarbon mixture was then heated beyond 3500 K by laser irra-
diation, in order to obtain, upon rapid cooling, a homogeneous
material. Simultaneous detection of the sample's real temperature
by a fast multi-wavelength spectro-pyrometer permitted, for the
ﬁrst time in our knowledge, sound identiﬁcation of a liquidus
temperature, followed by the eutectic/monotectic transition, and,
at much lower temperature, the cubicetetragonal solidesolid
phase transition typical of uranium dicarbide. As a comparison,
similar thermograms (temperature versus time curves) are pre-
sented for the compositions UC2 and UC2.1. In addition, analysis of
the radiance spectra recorded during the thermal cycles yielded in
situ estimation of the sample surface composition across the
various phase transitions.
2. Experimental approach
2.1. Sample preparation and analysis
Uranium dicarbide buttons were prepared by cutting arc meltedand quenched drops without major difﬁculties [3]. In contrast,
homogeneous samples with larger carbon content could hardly be
prepared by the same technique due to the large and uncontrol-
lable separation of pure, solid carbon from the melted phase.
Carbon-rich samples were rather produced by directly melting up
to 2800 K in an induction furnace under oxygen-free, inert gas ﬂux
(helium) UC1.9 fragments placed at the bottom of a graphite cylin-
drical crucible. The crucible's bottom then resulted in a mixture of
graphite and eutectic (Fig. 1a). This part was then further homo-
genised by laser heating it under inert atmosphere (Ar at 0.3 MPa).
After fast quenching to room temperature (cooling rates of
104e105 K s1), the bottom part of the crucible became a reasonably
homogeneous eutectic mixture of carbon and uranium dicarbide,
with a large excess of carbon with respect to the exact eutectic
composition. This latter has been established to be close to UC2.00
[5]. The melted and re-frozen eutectic surface was then cut away
from the rest of the crucible (Fig. 1b). Its exact chemical composi-
tion was obtained by crushing a small part of it into a ﬁne powder
successively measured in the infrared carbon dioxide analyser
described below. By repeating several tests, a reproducible
composition C/U ¼ 2.82 ± 0.08 was obtained with such an
approach. The melted and re-frozen eutectic disks cut from the
cylindrical graphite crucibles were then mounted again in the laser
heating sample holder, and laser shot a few more times beyond
melting, in order to study more accurately phase transitions
occurring during the thermal cycles, and their repeatability over
successive thermal cycles.
Two commercial ELTRA® analysers combined with a controlled-
atmosphere combustion setup were employed to measure,
respectively, the carbon and oxygen content of the current samples.
The traditional approach is based on the combustion of a sample at
high temperature that permits to form gaseous carbon dioxide
(CO2) from either the carbon or the oxygen contained in the
specimen, depending on the atmosphere and the crucible material
in which the measurement is carried out (Fig. 2). The measurement
is then based on themeasured IR absorption of the produced CO2 at
a characteristic wavelength (2640 cm1 or 3.79 mm) [9].
In order to measure the carbon content, the sample is placed in
an Al2O3 crucible inside an electrical induction furnace and heated
up to 3500 K under a ﬂow of oxygen (99.99% pure). It is assumed
that all and only the carbon from the sample reacts with oxygen to
produce CO and CO2. These gases pass through a system of ﬁlters
and catalysts to obtain only CO2 which is measured by IR-
absorption spectroscopy. The quantity of CO2 analysed directly
yields the carbon content of the sample.
In the same way, using a graphite crucible inside a resistance
furnace and a helium ﬂow, it is possible to measure the oxygen
contained in the sample. In this case, it is assumed that all the
oxygen contained in the sample reacts with the crucible during
heating and forms CO and CO2. The ﬁnal amount of CO2 is quanti-
tatively determined by IR spectroscopy and, in this case, all the
measured CO2 corresponds to the oxygen content in the sample.
Both systems were calibrated with standard materials such as steel
and U3O8.
2.2. Laser heating and fast pyrometry setup
Details of the laser-heating setup used in this research have
been reported in a previous publication [10], although the tech-
nique has been partially modiﬁed in the present work. During the
shots, a carbide disk was mounted in a sealed autoclave under an
inert atmosphere (slightly pressurised argon at 0.3MPa), in order to
minimise high-temperature oxygen contamination of the samples.
Thermograms were measured on samples laser heated beyond
melting by a TRUMPF® Nd:YAG cw laser radiating at 1064.5 nm, the
Fig. 1. a) Example of a graphite crucible in which fragments of UC1.9 were melted in an induction furnace. The bottom of the crucible is ﬁlled with frozen UC e C eutectic. b) Example
of melted and re-frozen eutectic surface cut away from the rest of the crucible.
Fig. 2. Schematic of the commercial ELTRA® analyser combined with a controlled-atmosphere combustion setup was employed to measure the carbon and oxygen content of the
current samples.
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of 1 ms. Pulses of different duration (100 mse1000 ms) and
maximal power (180 We675 W) were repeated on a 8 mm diam-
eter spot on a single sample surface as well as on different samples
of the same composition in order to obtain statistically signiﬁcant
datasets for each composition.
Excessive thermal shocks were minimised by starting each se-
ries of laser pulses from a pre-set temperature of about 1500 K.
Each series consisted of three heatingecooling pulses on the same
sample spot without cooling the material below an intermediate
temperature of approximately 1500 K. The peak intensity and
duration of the high-power pulses were increased from one hea-
tingecooling cycle to the other, in order to check the result
repeatability under slightly different experimental conditions
(Fig. 3). This approach constituted a step forward in the laserheating technique. It ensured a better mechanical stability of the
samples, on which several successive shots could be repeated to
check the result repeatability and the eventual effects of non-
congruent vaporisation or segregation phenomena. The onset of
melting was detected by the appearance of vibrations in the signal
of a probe laser (Arþ cw 750 mWe1.5 W) reﬂected by the sample
surface (reﬂected Light Signal technique, or RLS) [10]. The sample
cooled naturally when the laser beam was switched off during the
thermal cycle. Thermal arrests corresponding to exothermic phase
transitions were then observed on the thermograms recorded by
the fast pyrometers. These operate in the visibleenear infrared
range between 488 nm and 900 nm. The reference pyrometer
wavelength was here 655 nm. This was calibrated according to the
procedure already reported elsewhere [6,10].
The normal spectral emissivity (NSE or εl) of uranium carbides is
Fig. 3. a) A series of four laser heating/cooling cycles recorded on a UC2.82 sample. b) Thermogram details of two heating/cooling cycles, analysed with the help of the reﬂected light
signal (RLS) technique enlarged in the inset. Thermograms are plotted as radiance temperature as a function of time.
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from the radiance temperature Tl directly measured by the cali-
brated pyrometers at the wavelength l, according to the well-
known pyrometer equation [11].
1
T
¼ 1
Tl
þ l
c2
ln εlðl; TÞ (3)
Equation (3) is valid within Wien's approximation to Planck's
law, i.e. when exp

c2
l$T

> >1.
If l is expressed in mm and T in K, then the second radiation
constant c2takes the value of 14,388 mm, K.
NSE of uranium monocarbide UC and uranium dicarbide UC2x
have already been studied in details in recent publications [6]. The
normal spectral emissivity of carbon-richer samples has been
studied for the ﬁrst time in this work employing the same multi-
wavelength pyrometry approach.
Uncertainty of the temperature measurements was calculated
according to the error propagation law [10], taking into account the
uncertainty associated to pyrometer calibration, the emissivity,
transmittance of the optical system and the accuracy in detecting
the onset of vibrations in the RLS signal. The estimated cumulative
uncertainty is thus lower than ±1% of the reported temperatures in
the worst cases, with a k ¼ 2 coverage factor (corresponding to two
standard deviations around the average value).2.3. Pre- and post-melting material characterisation
Characterization of the material composition and its evolution
after laser heating/melting has been an essential part of this work.
The main techniques employed to this goal are Raman spectros-
copy, scanning electron microscopy (SEM), and powder x-ray
diffraction (PXRD).
SEM and energy dispersion X-ray spectroscopy (EDX) analyses
were performed using a VEGA TESCAN® SEM operated at 30 kV and
equipped with a SAMx EDS SD-Detector.PXRD analyses were performed with a Bruker® D8 Advance
diffractometer (Cu-Ka1 radiation)with a 2q range of 10e120 using
0.009 steps with 2 s of integration time per step at operating con-
ditions of 40 kV and 40 mA. Rietveld analysis of the recorded XRD
patternswas performedwith the help of the Powder Cell© software.
Raman spectra were measured with a Jobin-Yvon® T64000
spectrometer used in the single spectrograph conﬁguration. The
647 nm line of a Krþ Coherent® laser was used as excitation source,
with a nominal power at the laser cavity of 40mW. This wavelength
and power were chosen in order to optimise the signal/noise ratio
and reducing undesirable oxidation/burning effects on the sample
surface. Spectra were measured in a confocal microscope with a
5$104-fold magniﬁcation and long (1 cm) focal distance. With this
conﬁguration, the laser power reaching the sample surface was
approximately 5 mW. This conﬁguration yielded a good spectral
resolution (±1 cm1) independently of the surface roughness, with
a spatial resolution of 2 mm 2 mm. Eventual polarisation effects on
the Raman spectra were neglected in the present investigation. The
spectrometer detector angle was calibrated daily with the T2g
excitation of a silicon single crystal, set at 520.5 cm1 [12].3. Results
3.1. Thermogram analysis
Fig. 3a shows two repetitions of four successive heatingecooling
cycles recorded on a UC2.82 sample. This graph shows that the
thermogramshape and thermal arrests arewell repeatable fromone
pulse to the other and even from one set of pulses to the next, even
by using laser heating pulses of different intensity and duration.
More detailed plots of the two highest power heating pulses well
beyond the liquidus temperature are displayed in Fig. 3b. Here some
essential phase transitions are better visible on the cooling stage of
the thermograms. The same transitions are less clear on the heating
ﬂank of the temperature vs. time curves, because of the very fast
laser-induced heating. The thermograms reported in Fig. 3a and b
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sample surface NSE ¼ 1. Phase transition temperatures reported in
Fig. 3a and bwill be considerablymodiﬁed according to equation (3)
after the emissivity NSE reassessment discussed in the next section.
Three thermal arrests are clearly visible in the thermograms recor-
ded on UC2.82 heated well beyond 3000 K (Fig. 3b). Following the
UeC phase diagram recently established [5], these can be attributed
to the following phase transitions: liquidus temperature, UC2eC
monotectic, and cubice tetragonal (a/ b) solid transition. The ﬁrst
two transitions can also be identiﬁed with the help of the Reﬂected
Light Signal (RLS) curve, displayed in Fig. 3a and b, and zoomed in
the inset of Fig. 3b. In particular, six events occurring on the sample
surface during a laser heating pulse can be identiﬁed in the RLS
curve magniﬁed in the inset of Fig. 3b. They are marked in Fig. 3b
with the letters fromA toD. A reasonable attribution of these events
is possible by reading, on the corresponding thermogram, the sur-
face temperatures at which they occur. A transition occurs slightly
above 1400 K, where no phase boundaries are expected. It can
therefore be explainedwith the formation of amorphological defect
(e.g.: a crack) on the sample surface. B marks the onset of slight
oscillations in the RLS. It can be attributed to the formation of the
ﬁrst liquid spots on the surface, i.e. to the solidus transition. C de-
notes the onset of large oscillations, and indicates completemelting
of the surface, corresponding to the liquidus point. Consistently,
these large oscillations cease at point D corresponding, within the
temperature uncertainty, to the liquidus transition on cooling (for-
mation to the ﬁrst crystallites in the liquid pool). Likewise, point E
(end of theweaker oscillations) indicates total solidiﬁcation (solidus
point). For compositions with excess carbon, this solidus point also
corresponds to the UC2x e C eutectic temperature. Finally, the
event marked with F in the RLS curve occurs corresponds, in a
repeatable way in the various pulses, to the cubic e tetragonal
(a/b) solid state transitionof uraniumdicarbide. It is interesting to
notice that even this solid e solid phase transition implies a slight
effect (vibration or morphological change) in the sample surface,
visible in the RLS curve. Of course this has an impact on the
morphology of the solidiﬁed eutectic quenched to room tempera-
ture and successively observed by electron microscopy.
The cooling stages of single thermograms relative to the three
carbide compositions investigated in thiswork are reported in Fig. 4.
Only the last two transitions (solidus e eutectic and a/ b) are
obvious in the thermograms relative to the samples UC2 and UC2.1,2.1 2.2 2.3 2.4
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Fig. 4. The cooling stages of single thermograms relative to the three carbide com-
positions investigated in this work: UC2, UC2.1 and UC2.82. Thermal arrests are visible at
the eutectic/monotectic transition and the cubic/tetragonal transition. These transi-
tions appear at higher temperatures in UC2.82 probably due to the emissivity effect of
excess free carbon.certainly because the liquidus is too close to the monotectic for the
two thermal arrests to be clearly distinguished (at the proposed
eutectic composition, UC2.00, the two temperatures should actually
coincide). It can also be seen that the same phase transitions are
visible by thermal arrests at higher radiance temperatures in the
sample UC2.82. This effect can be attributed to an increase in the
sample emissivity linked to the higher carbon content, as already
recently observed, for example, in the zirconium e carbon system
[14]. The NSE of uranium dicarbide has been established to be 0.53
at 0.655 mm [6]. If one substitutes this value in equation (3) to
obtain real temperature thermograms for UC2 and UC2.1, the rela-
tive phase transitions do occur at the temperatures recommended
in the literature (2737 K for the eutectic and 2050 K for the a/ b
transition). Obviously, higher NSE values should be used for the
UC2.82 sample. This point will be discussed in section 4.1 of the
present paper.
3.2. Radiance spectra
Thermal radiation (Planck) spectra were recorded by multi-
wavelength pyrometry at several time points, identiﬁed by full
circles on the UC2.82 thermogram plotted in Fig. 5a. Fig. 5b shows
four examples of these spectra recorded at different temperatures.
One of them was recorded in liquid UC2.82, the other three corre-
spond to the thermal arrests visible in Fig. 5a. Because of a poor
signal-to-noise ratio at the tails of the recorded spectra, data were
only considered for the current analysis between 0.550 mm and
0.900 mm. Calling Si (l, T) be each of these spectra, the following
relation holds:
Siðl; TÞ ¼ εli$Piðl; TÞ: (4)
Pi (l,T) is the Planck (ideal black body) emission function at
temperature T:
Pðl; TÞ ¼ c1L
n2$l5
$
h
exp
 c2
n$l$T

 1
i1
: (5)
where c1L ¼ 2$h$c02 is the ﬁrst radiation constant and c2 ¼ h$c0$k is
the second radiation constant; c0 is the speed of light in vacuum, h
is Planck's constant, and kB is the Boltzmann constant already
considered in equation (3). For the purposes of the present work,
the refractive index was always taken to be equal to 1 (being the
current medium air or an inert gas close to atmospheric pressure).
Becauseuraniumcarbides aremetallicmaterials (their electronic
density of states does not vanish at Fermi level) [1], their NSE cannot
be assumed to be wavelength-independent in the investigated
spectral range [11]. Under these conditions, it has been shown that
direct ﬁt of experimental radiance spectra Si (l, T) with functions of
the type P (l, T) of equation (5) canyield very inaccurate results for εl
and T [13]. The problem is inversed by imposing, whenever possible,
well-established temperatures for the observed thermal arrests.
Equations (4) and (5) permit then direct determination of the
normal spectral emissivity εli in the corresponding spectra. This
procedure is only possible for spectra Si (l, T) recordedat the eutectic
arrest (2737 K [5]) and at the cubic e tetragonal (a/ b) solid state
transition of uranium dicarbide, ﬁxed at 2050 K [1]. In these two
cases, the sample NSE for each spectrum Si (l, T) can then be ob-
tained by solving equation (4) for εli, i.e. respectively:
εlið2737Þ ¼
Siðl;2737Þ
Pðl;2737Þ : (6)
εlið2050Þ ¼
Siðl;2050Þ
Pðl;2050Þ : (7)
Fig. 5. a) The cooling stage of a thermogram recorded on a UC2.82 sample. Full circles identify the time points at which Si (l, T) spectra were recorded by multi-wavelength py-
rometry. b) Four examples of Si (l, T) spectra recorded at different temperatures. One of them was recorded in liquid UC2.82, the other three correspond to the thermal arrests in
Fig. 5a.
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ticemonotectic temperature at any composition between UC1.9 and
pure C implies the assumption of zero uranium dicarbide solubility
in pure graphite. Such assumption is certainly reasonable when one
considers the very different structures of the two phases.
The trends thus obtained for εl in UC2.82 at the eutectic and the
cubicetetragonal transition temperatures are reported in Fig. 6. The
reported uncertainty bands are calculated considering the intrinsic
uncertainty of the radiance spectra measurements, and the un-
certainty affecting the assumed reference temperatures
(2737 K ± 20 K and 2050 K ± 20 K). The difference between the two
NSE average trends gives an idea of the temperature dependence of
this parameter. On the other hand, it was shown [6] that the tem-
perature dependence of NSE in UC2 and pure carbon is smaller than
the experimental uncertainty between 2050 K and the uranium
carbide melting point. Therefore, one should assume that the
variation of NSE reported in Fig. 6 between 2050 K and 2737 K can
be due to a real change in the surface composition, as mentioned at
the end of subsection 3.1. Obtaining the NSE (εl) of the investigated
carbide compositions, and in particular of the high-carbon content
sample at different temperatures, becomes then a complex task,
requiring a parallel analysis of the thermal radiance and surface
composition during the heating/cooling process. This analysis is
possible with the current data. It is reported in section 4 of this
paper.Fig. 6. The trends obtained for εl at the well-established eutectic (2737 K ± 20 K) and
the cubicetetragonal (2050 K ± 20 K) transition points in UC2.82.3.3. Materials characterisation
As a support to the described radiance spectroscopy analysis, the
surface of the current uranium carbide samples has been studied by
scanning electron microscopy (SEM) (Fig. 7), PXRD (Fig. 8) and
Raman spectroscopy (Fig. 9) after quenching to room temperature.
SEM images in Fig. 7 show that the morphology of eutectic
quenched samples is rather irregular. Unlike other metal-carbide
systems, no lamellar eutectic structure is recognizable here.
Instead, pure carbon is visible on the sample surface in the form of
acicular spots. This observation agrees with earlier ones, performed
on uranium dicarbide only [8]. Although it is impossible to quan-
titatively estimate the corresponding carbon surface area fraction
sC, from such tiny acicular spots of carbon, it seems reasonable to
assume that it must be very small in these images recorded at room
temperature.
PXRD patterns were recorded on powdered samples. Therefore,
this cannot be strictly considered as a surface analysis method.
Nonetheless, results are useful in clearly identifying two phases in
the specimens quenched to room temperature: graphite and
tetragonal uranium dicarbide. The XRD pattern of UC2.82 is shown
in Fig. 8. Patterns of UC2 and UC2.1 are similar, with less intense
graphite peaks. This conﬁrms that at lower temperatures the pre-
sent samples follow the metastable phase boundaries recently
assessed for the UeC binary system [1,4,5]. Because of its extremely
slow kinetics [1], the formation of uranium sesquicarbide, U2C3,
which would be thermodynamically favourable, is not observed
with the current high cooling rates.
Raman spectra recorded on the quenched surfaces of samples
laser melted in this work are reported in Fig. 9. From the established
emissivity values, and using Kirchhoff's theorem stating that emis-
sivity equals absorptivity at the thermodynamic equilibrium [11], the
penetration depth of the current Raman analysis can then be deter-
mined to be a few hundred nm. Therefore, the current Raman anal-
ysis can be considered to be representative of the sample's external
surface, plus a small volume into the bulk material. No Raman active
peaks are observed for cubic or tetragonal uranium carbides, by
analogy with similar carbides more broadly investigated [16]. A very
strong Raman peak is only visible at 1589 cm1. This is the well-
known G peak of graphite. Interestingly, in the quenched eutectic
sample this peak is not accompanied by its homologue at 1350 cm1
(the “D peak” of graphite), which is typical of defective and disor-
dered graphite [17]. Both peaks are actually visible in a “clean”
graphite crucible identical to those used for the in-furnace synthesis
Fig. 7. Optical and Scanning Electron Microscopy images of laser melted and refrozen UC2.82. a) Optical overview of a sample after laser irradiation. b) Secondary Electron image of
the laser melted and refrozen zone. As already observed in other carbide eutectic systems [14], this quenched zone is swollen, probably due to the large internal strains induced by
structures formed in the material upon fast cooling. The circle indicates the approximate measuring spot of the pyrometer. b) and c) More enlarged back-scattered electron (BSE)
images of a portion of the melted and refrozen zone inside the pyrometer measuring spot. In the BSE conﬁguration, dark areas are richer in lighter elements. In this case, they
correspond to graphite acicular inclusions.
Fig. 8. PXRD pattern recorded on laser melted and refrozen UC2.82. Two main phases
are visible: tetragonal UC2x and graphite.
Fig. 9. Raman spectra recorded on molten and refrozen UC2.82, compared to the
spectrum of the pure graphite used as starting material for the current sample syn-
thesis. The practical absence of a D and G0 band in the carbide sample shows that free
carbon inclusions in it are constituted by highly ordered graphite.
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in thepure graphite sample,where a shoulder (sometimes called “G'”
[17]) is visible at a slightly higher wavenumber than the main peak.
This observations lead to the conclusion that highly ordered graphite
is produced in the acicular C-inclusions formed on the quenched
surface of the present hyperstoichiometric carbide samples. Simi-
larly ordered graphite was produced by quenching ZrCeC eutectic
samples from the liquid phase [14]. This conclusion justiﬁes the
choice of the carbon NSE value reported in equation (7). The emis-
sivity of highlyorderedgraphite has actually been assessed to bevery
high, approaching 1 [15].
4. Discussion
The present results are the ﬁrst reported on the melting
behaviour of uranium carbides containing a large amount of excess
carbon. For their interpretation it is therefore reasonable to refer, by
analogy, to similar transition metal-carbide systems the high
temperature behaviour of which has been studied more exten-
sively. In particular, the zirconium e carbon eutectic system has
been recently investigated with the same approach as the present
uranium e carbon system [14].4.1. Determination of the NSE of melting UC2þx and the liquidus
temperature
Estimating the NSE of melting and solidifying UC2þx from the
radiance spectra of the type of those reported in Fig. 5b constitutes
a ﬁrst, complex task. It is necessary, however, for the determination,
through equation (3), of the real liquidus temperature of the
observed composition. Two main difﬁculties need to be faced: 1)
The investigated material surface is a composite one, mixture of
two immiscible phases (uranium dicarbide and graphite) having
different optical properties; 2) NSE cannot be rigorously assumed to
be wavelength-independent in this type of carbides.
It has been observed in the ZreC system [14], that the presence
of excess carbon not soluble in the carbide matrix results, both in
the liquid and upon eutectic solidiﬁcation, in an increased NSEwith
respect to the metal carbide at the limit of the eutectic domain. This
effect has been explained on the basis of the deﬁnition of NSE and
Planck's radiation law, as in equation (5), taking into account the
area fraction of carbon with respect to the carbide matrix in the
quenched solid eutectic surface. The following equation can be
easily derived for the total NSE of the composite surface:
Fig. 10. Temperature and normal spectral emissivity (NSE or εl) obtained by ﬁtting the
current radiance spectra in UC2.82.
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Here εlUC2x is the NSE of uranium dicarbide, εlC the NSE of pure
carbon, sUC2x and sC are the surface area fractions of UC2x and C,
respectively (0 sUC2x, sC  1, sUC2x þ sC¼ 1). The total NSE of the
composite surface, εlTOT, is obtained here from the current experi-
mental results with the help of equations (4) and (5). Obviously,
here εlTOT coincides with εli of equation (4).
It is worth specifying, at this point, that “surface composition”
means here the average composition of the external layer of ma-
terial, fromwhich is mostly emitted the thermal radiation detected
by the current multi-wavelength pyrometer. The lack of refractive
index data for cubic uranium dicarbide [1] and the fact that the
present material is actually biphasic, make it impossible to provide
any accurate determination of the thickness of such a layer. How-
ever, taking into account the wavelength range investigated in the
present analysis, the numerical aperture of the pyrometer objective
and arbitrary values for the complex refractive index compatible
with the current emissivity data, an approximate penetration depth
of 100 nme200 nm can be estimated for the present thermal
radiance emission analysis. Such penetration depth corresponds to
the thickness of the surface layer investigated in this work.
The differences between the UC2.82 NSEs at the eutectic and
a/ b transition temperatures shown in Fig. 6 are likely to depend
on the surface morphology and composition evolution during
cooling, according to equation (8). In fact, the NSE trends of Fig. 6
are successfully ﬁtted with the help of equation (8), assuming the
following expressions for εlUC2x and εlC:
εlUC2x ¼ 0:75 0:42$lþ 0:18$l2 (9)
εlCs ¼ 0:96±0:03 ðSOLIDÞ: (10)
Equation (9) was proposed in an experimental assessment of
optical properties ofmeltingand soliduraniumcarbides [6],whereas
equation (10) is deduced froma recent review [15], and is reasonable
for highly ordered solid graphite. The ﬁt yields different values of the
sample surface composition at the two temperatures: sC¼ 0.3 at the
eutectic point and sC close to zero at the cubicetetragonal transition
point. Of course, these results are affected by an uncertainty even
larger than the one reported for the NSE values. Nonetheless, this
procedure, applied at particular temperatures forwhich thematerial
behaviour is relatively well-established, shows that even for the
carbon-rich compositions it is reasonable to use the NSE values and
trends recommended for uranium dicarbide and specimens with
little excess carbon.With this assumption, the approach can then be
extended to all temperatures, and spectra Si (l,T) can be ﬁtted using
temperature and sC as free parameters, instead of T and εl. For
radiance spectra measured in the liquid, the following value for the
NSE of pure liquid carbon is taken:
εlCl ¼ 0:87±0:05 ðLIQUIDÞ; (11)
as recently extrapolated for the system ZrCeC [14].
By combining equations (4), (5) and (8) one obtains the
following ﬁtting equation:
Pðl; TÞ ¼ c1L
l5
$
1
exp

c2L
l$T

 1
$

εlUC2 þ

εlC  εlUC2

sC

(12)
Using equations (9)e(11) for the various emissivity expressions,
the ﬁt yields the best values of the real temperature T and the
carbon surface area fraction sC for each radiance spectrum recor-
ded. Fig. 10 reports, for sample UC2.82, the resulting temperature
and total NSE given by equation (8) once sC is determined with thedescribed procedure. Finally, considering the uncertainty propa-
gation through the whole ﬁtting procedure, and the large cooling
rate compared to the acquisition time of radiance spectra (4 ms),
the UC2.82 liquidus temperature, corresponding to the ﬁrst thermal
arrest observed in the thermograms of Fig. 3, can be determined
only with la large error band: Tliquidus (UC2.82) ¼ 3220 K ± 50 K.
In conclusion, the segregation of a pure carbon phase on the
sample surface during the heating/cooling cycles plays an impor-
tant role in the radiative heat transfer balance of this type of car-
bides. The corresponding evolution of the surface composition
resulting from current radiance spectra ﬁt is discussed in the next
section.
4.2. Evolution of the sample surface composition during cooling and
after room temperature quenching
As a summary of the present study, Fig. 11 reports the trend of
the C/U atomic ratio on the surface of a UC2.82 sample, between
2000 K and 3500 K. The C/U ratio has been obtained by assuming,
according to the present room temperature PXRD results combined
with literature data up to 2500 K [1], that the uranium dicarbide
phase in equilibrium with pure carbon at the limit of the eutectic
region has the composition recommended in Ref. [1]. Then the C/U
atomic ratio can be written:
C=U ¼ f ðTÞ þ sCðTÞ; (13)
Where sC (T) is obtained by ﬁtting the current radiance spectrawith
equation (12). The term f (T) represents, as a function of tempera-
ture, the C/U ratio at which uranium dicarbide is in equilibrium
with pure graphite. Using the phase boundaries reported in Refs. [4]
and [5], it can be approximated by the following linear relationship:
f ðTÞ ¼ 1:89þ 4:4$105$T (14)
for 2050 K  T  2737 K.
Carbon enrichment on the sample surface is always signiﬁcantly
lower than the excess carbon content of the initial bulk composi-
tion. This can be explained at all temperatures with a higher surface
tension of uranium dicarbide compared with pure carbon. Only at
temperatures where liquid UC2þx and solid C coexist (between
solidus and liquidus) and close to solidiﬁcation a signiﬁcant excess
of carbon can be clearly observed. Obviously, the highly non-
congruent solideliquid transition results in the segregation of
solid carbon even on the sample surface. It is not impossible, if the
present system follows the conventional eutectic solidiﬁcation
Fig. 11. Empty circles: temperature evolution of the C/U atomic ratio on the surface of
a UC2.82 sample during the cooling part of a laser heating cycle, compared with the
measured bulk sample composition C/U ¼ 2.82, plotted as a thick dotted line. Thick red
lines indicate the phase boundaries. Experimental surface composition data below
2100 K are scattered because of poor signal/noise ratio in the multi-wavelength py-
rometer (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.).
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lamellar structures at temperatures immediately lower than the
solidiﬁcation point. However, because of relatively fast carbon
diffusion in uranium dicarbide [1], and the thermodynamic force
represented by the higher surface tension of UC2x, these lamellae
rapidly dissolve into the bulk, leaving on the surface only those
traces similar to acicular spots of highly ordered graphite shown by
SEM analysis in Fig. 7 and analysed here by Raman spectroscopy.
Such approximate description of the surface morphology evo-
lution should obviously be corroborated by further experimental
characterisation and by calculations of solidiﬁcation dynamics and
solid-state diffusion, which are beyond the scopes of the present
work.
Nonetheless it should be appreciated that the current high
temperature radiance spectra measurements, combined with some
more traditional characterisation techniques on materials
quenched to room temperature, permit a consistent analysis of the
sample phase transitions and surface features (composition and
morphology). At the temperatures studied here (T > 2500 K), such
features would be hardly accessible, even very qualitatively, tomost
of the material characterisation techniques available up to date.
Finally, the present results give hints about the possible melting
behaviour of uranium carbide nuclear fuel coated in graphite (cf.
[21]). Although melting of such type of fuel is very unlikely, even in
a reactor mishap, the formation of liquid might indeed result in the
migration of the carbide fuel towards the outer surface of the
coating. Such information is certainly relevant to the safety analysis
of this type of nuclear fuel in accidental conditions.
5. Conclusions
The eutectic system uranium dicarbide-carbon has been studied
by laser heating, with particular focus on the composition UC2.82,
synthesized by melting fragments of uranium dicarbide in a
graphite crucible.
The following conclusions can be drawn:
1. The normal spectral emissivity, and, therefore, the thermal
radiance emitted by hyperstoichiometric uranium carbides de-
pends on the surface area fraction of free carbon. In particular,
NSE of UC2.82 reaches a maximum value of 0.7 at the ﬁrst so-
lidiﬁcation (liquidus) temperature, compared to the value
NSE ¼ 0.53 established for pure uranium dicarbide.2. Accordingly, using as a reference temperature the uranium
dicarbide-carbon eutectic, ﬁxed at 2737 K, the liquidus tem-
perature of UC2.82 has been measured to be 3220 K ± 50 K.
3. The current radiance spectroscopy measurements permit a
qualitative determination of the evolution of the sample surface
composition during the heating/cooling process. The surface
fraction of carbon, in particular, has always been observed to be
considerably lower than the nominal material composition,
both in the solid and in the liquid phases. This signiﬁes that
uranium dicarbide has probably a higher surface tension than
carbon, and that carbon can quickly diffuse into uranium
dicarbide, both liquid and solid.
4. As a result, no lamellar eutectic structure has been observed
after quenching to room temperature. Instead, a pure graphite
phase is demixed in the form of tiny acicular inclusions.
5. Raman spectroscopy measurements have shown that these
acicular inclusions consist of highly-ordered graphite.
These results are useful for determining the interaction between
uranium dicarbide and carbon in certain so-called “advanced fuel”
concepts. The analysis can be extended to other C/U atomic ratios,
or to other even less-studied analogous systems, such as, for
example, the binary plutonium-carbon.Acknowledgements
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